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bstract
ead magnesium niobate (PMN) is a relaxor ferroelectric material. Because of its high dielectric constant and superior electrostrictive properties it
s commonly used in the manufacture of multilayer electronic devices which is typically produced by tape casting. However, preparation of PMN
lurry formulations to use in aqueous tape casting process is not investigated in detail yet. Therefore, in this study aqueous PMN formulations were
eveloped for tape casting and its relation with the final properties of PMN films were investigated. The slurries were prepared using poly(acrylic
cid)-based comb polymer as the dispersant, nonionic acrylic latex as the binder and the hydroxypropyl methyl cellulose as the wetting agent. The
esults showed that it is possible to prepare flexible, crack-free PMN films using highly concentrated suspensions without using any plasticizer.
he study gives guidelines for the aqueous tape casting of PMN and can be adapted to processing of other multi-component metal oxides.
2008 Elsevier Ltd. All rights reserved.
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. Introduction
Lead magnesium niobate (PMN) have important applications
n multilayer electronic ceramic industry.1 Tape casting is a con-
enient method for manufacturing of thin and thick PMN sheets.
ith today’s tape casting technology very thin tapes can be
ast allowing manufacture of multilayer ceramic capacitors and
ransducers.2–3 In tape casting a paste-like suspension consisting
f ceramic powder, solvent, dispersant, binder and plasticizer is
ast onto a substrate by a moving blade at a constant distance to
he substrate. The final dried green tape should be flexible, and
asy to handle.4
Previously, organic solvents were preferred for the prepa-
ation of thin and thick films from ceramic suspensions
ue to their low surface tension.4,5 For example, Wind-
ass et al. investigated the dispersion of lead magnesium
iobate–lead titanate (PMN–PT) powders in slightly polar
olvent, propylene glycol methyl ether acetate.6 Methyl
thyl ketone/ethanol, mesitylene, -butyrolactone, xylene,
oluene, and isopropanol are other organic solvents has been
sed to prepare PMN–PT suspensions.7–9 However, it is
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oi:10.1016/j.jeurceramsoc.2008.05.031ecessary to move away from organic solvents towards water-
ased systems due to health, environmental and economic
onsiderations.10,11
The development of aqueous slurry formulations for the
ape casting has been studied by many researchers for differ-
nt ceramic materials.3,10,12–16 Doreau et al. investigated the
rocessing of aqueous tape casting of alumina in the pres-
nce acrylic emulsion binders without using any additional
rganic additives in the system such as plasticizer or defoamer.12
may and Lewis developed an aqueous system for the tape
asting of lead zirconate titanate. They investigated the effect
f acrylic latex suspensions on this system in the presence
f hydroxypropyl methylcellulose.13 Similarly, Ushifusa and
ima developed latex-based slurry for tape casting of mullite-
lass composites suitable for electronic packaging.14 Thermal
nalysis and microstructural characterization of PMN films
repared by aqueous tape casting in the presence of acrylic-
ased binder was studied previously by S¸akar-Deliormanlı
t al.17
The aim of the current work is to prepare aqueous-based PMN
lurries to use in tape casting process and investigate the final
roperties of the PMN films. The films were manufactured using
doctor blade having the gap height of 30–500m. The results
f the study showed that it is possible to prepare high quality
MN films based on aqueous formulations.
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.1. Materials
Lead magnesium niobate, Pb(Mg1/3Nb2/3)O3 powder which
as produced by combustion spray pyrolysis method provided
y Praxair Specialty Ceramics, Woodinville, WA, USA. Powder
urity is 99.9% as reported by the manufacturer. Bulk density
Helium pycnometer Micromeritics 1330, Norcross, GA, USA),
nd the BET surface area (Model ASAP 2400, Micromerit-
cs, Norcross, GA, USA) of the powder are measured to be
.967 g/cm3 and 1.168 m2/g, respectively. Particle size distri-
ution of the powder was obtained using a particle size analyzer
Model CAPA-700, Horiba, Ltd, Tokyo, Japan) and the d50 of
he powder was measured to be 2.03m.
The poly(acrylic acid)–poly(ethylene)oxide PAA/PEO comb
olymer (W.R. Grace and Co-Connecticut, Cambridge, MA)
aving a molecular weight of 25,800 g/mol was employed as
he dispersant to prepare stable PMN suspensions. A nonionic
crylic latex emulsion, Rhoplex B-60A (Rohm and Haas Co.,
hiladelphia, PA) having a glass transition temperature of 6 ◦C
nd a solids loading of 47 wt.% was employed as the binder.
ydroxypropyl methylcellulose (Methocel F4M, DOW Chem-
cals Co., Midland MI) with a molecular weight of 3500 g/mol
as used as the wetting agent. Methocel F4M contains 28%
ethoxyl with 1.8 degree of substitution and 5% hydroxypropyl
ith 0.13 molar substitutions.
.2. Slurry preparation
The tape casting slurries (total solids loading, 55 vol.%)
aving different binder and hydroxypropyl methylcellulose
HPMC) concentrations were prepared by a multi-step process
hown in Fig. 1. The slurry compositions used in tape cast-
ng are given in Table 1. In the first step, highly concentrated
MN suspensions were prepared using PAA/PEO comb poly-
er. The optimum amount of dispersant necessary to disperse
he PMN powders is 4.35 mg polymer/m2 of powder.18 The sur-
ace charge of PMN powders is positive (isoelectric point: 9.8 at
0 vol.%) under basic conditions. Therefore, negatively charged
AA group of the comb polymer adsorb onto the PMN surface
nd creates electrosteric stabilization.19Suspensions were ultrasonicated for 2.30 min (550 Sonic Dis-
embrator, Fisher Scientific) to break up the agglomerates in the
ystem. Then they were ball milled for 24 h to ensure complete
dsorption of PAA/PEO onto powder surface at pH 9. In the
able 1
MN slurry formulations used for the tape casting
R1 (wt.%) R1.5 (wt.%) R2 (wt.%) R3 (wt.%)
MN 69.60 74.58 77.35 80.33
inder 9.72 6.94 5.40 3.74
ispersant 0.12 0.13 0.14 0.14
ater 20.46 18.25 17.03 15.71
etting agent 0.10 0.09 0.08 0.08
otal 100 100 100 100
2
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oig. 1. Flow diagram showing the slurry preparation steps in tape casting pro-
ess.
ext step latex binder and wetting agent were added to the sys-
em and the slurry was ball milled for a further 24 h. The pH was
eadjusted to 9.0 using 1 M NH4OH. The slurry was defoamed at
000 rpm for 15 min using a planetary centrifugal mixer (Thinky
RE-250) prior to casting.
.3. PMN film fabrication
PMN films were produced using laboratory type tape caster
Cladan Inc. Model 133, Serial 181, USA). The slurry was cast
nto a silicone coated poly(ethylene terephthalate) stationary
lm (Mylar, PET blend EI-8526, Douglas-Hanson, Hammond,
I). Silicon coating having thickness of 1.27m is on one side
f the film. Surface energy of the film is 23 mJ/m2 as reported
y the Smay and Lewis.13 Through the experiments the casting
ate was 25 mm/s over a length of 1 m. Doctor blade head having
idth of 100 mm was set at a height from 30m to 500m. After
eposition the tapes were allowed to dry in air at 25 ◦C for 24 h.
.4. Lamination and sintering
Arrays of samples were cut along the length of dried tape.
amples were formed by laminating the 15 layers of green tapes
etween parallel plates. Then they were heated to 80 ◦C and kept
t this temperature for 1 h. After heat treatment 30 MPa pressure
as applied to the samples for 2 min.
To investigate the optimum sintering conditions some pre-
iminary experiments were performed using PMN pellets. For
his purpose, PMN powders containing 3 wt.% polyvinyl alco-
ol were die pressed and then sintered at various temperatures
anging from 1000 ◦C to 1275 ◦C. For the sintering of PMN
lms following procedure was applied: The binder was burned
ut by heating the samples at 1 ◦C/min to 350 ◦C, 1 h dwell
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t 350 ◦C and 3 ◦C/min to various temperatures ranging from
000 ◦C to 1250 ◦C, 2 h dwell at the specified temperature. Dur-
ng heat treatment, alumina crucible system with cover was used
n order to prevent the lead loss from the samples. To provide a
ead rich atmosphere lead zirconate (PbZrO3) powder bed was
sed inside the crucible.
.5. Characterizations
Rheological measurements were performed using a stress-
ontrolled rheometer (Bohlin CS-50, Sweden) with C14
eometry (cup inner diameter: 16 mm and bob outer diameter:
4 mm) at a constant temperature of 25 ◦C. A special designed
olvent trap was used to minimize the evaporation during the
easurements. The apparent viscosity of the samples was mea-
ured as a function of shear stress in ascending order.
Contact angle measurements were performed using a con-
act angle measuring instrument (Kruss DSA10 Contact Angle
easuring System). Contact angle of the samples on the Mylar
lm (silicon coated side) were measured using the sessile drop
ethod. For each sample five different measurements were
erformed and average of these values was reported. Surface
ension measurements were performed by a tensiometer (Kruss-
igital K 10ST) using Du Nouy ring method. Platinum ring
eometry was heated in a flame until it glowed red before each
easurement to eliminate a possible contamination.
The roughness of the green films was analyzed using a sur-
ace profilometer (Mitutoya Surftest SJ-201 P/M). Through the
easurements, profilometer sampling length and cut off length
as adjusted as 5 mm and 0.8 mm, respectively. Measurements
ere performed on PMN films with 5 cm arrays through the
ntire film length.
Microstructure of the green and sintered tapes were charac-
erized by scanning electron microscope SEM (Philips, XL-30S
EG). Crystal structures were analyzed using X-ray diffractome-
er (Philips, X‘pert Pro).
Dielectric constant of PMN samples were measured usinghigh resolution dielectric analyzer (Novo Control, Alpha-N).
or the measurements a silver (Ag) paste was applied to the
oth sides of the sintered pellets and PMN films to improve the
ontact with the analyzer plates. A heat treatment at 600 ◦C was
d
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ig. 2. (a) Log–log plot of apparent viscosity as a function of shear stress for pure la
inder B-60A solution (10 vol.%).pean Ceramic Society 29 (2009) 115–123 117
pplied to the silver paste coated samples for 30 min. Relative
ermittivity of the PMN samples were measured at room temper-
ture as a function of frequency in the range 10−2 Hz to 105 Hz.
uring the measurements AC volts (3 Vrms) was applied to the
amples.
. Results and discussion
.1. Solution properties
The apparent viscosity as a function of shear stress of pure
atex suspensions of varying solids loading are shown in Fig. 2a.
s it is clearly indicated in the graph emulsions exhibited New-
onian behavior at low solids content φ < 0.3. However, above
: 0.3 a transition to shear thinning was observed and the degree
f shear thinning increased with increasing solids concentration
φ). According to Fig. 2a shear thinning behavior was domi-
ant at 47 wt.%. Such a behavior is in good agreement with
he requirements for the tape casting process. Because the rela-
ively high shear stress enables the slurry to have a low viscosity
nder the blade during casting, facilitating the tape casting. After
eposition, the slurry recovers a high viscosity level, avoiding
he settling of particles along the tape thickness.12
The zeta potential values of nonionic acrylic emulsion of
-60A is given in Fig. 2b as a function of pH. Although it is a
onionic emulsion, results showed that isoelectric point (IEP) of
-60A is lower than pH 2. Based on the previous study of Brown
nd Garrett, B-60A is an emulsion containing acrylic copolymer
nd nonionic emulsifier.20 Nahass et al.21 reported that Rhoplex
-60A is likely a copolymer between methyl methacylate and
nother acrylic monomer such as ethyl acrylate.21 Similarly,
shifusa and Cima determined the isoelectric point of B-60A at
bout pH 2 in absence of any electrolyte.14
Fig. 3 shows the viscosity of the hydroxypropyl methylcel-
ulose solution as a function of concentration. It is clear thatramatically. This increase may also affect the viscosity of the
MN slurry to be used in tape casting. The results showed that
PMC can be used also as a thickening agent to modify the
iscosity of the PMN suspensions.
tex suspension (B-60A) of varying concentrations. (b) Zeta potential vs. pH of
118 A. S¸akar-Deliormanlı et al. / Journal of the European Ceramic Society 29 (2009) 115–123
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big. 3. Relative viscosity of HPMC solution as a function of concentration.
.2. Rheology of PMN slurries
Rheological behavior of PMN slurries was investigated as a
unction of binder and the wetting agent (HPMC) content. Fig. 4
hows the effect of composition on the apparent viscosity of the
ape casting suspensions (φtot: 0.55). According to the figure
here is a gradual increase in viscosity as the binder concentration
ncrease. It is also crucial to investigate the optimum cellulose
oncentration in PMN slurries both for deposition and spreading
ssues. Because, at very high cellulose concentrations decrease
n viscosity may be observed due to variation in solids load-
ng. The effect of cellulose additions on suspension rheology is
llustrated in Fig. 5. The figure indicates that the viscosity of the
MN slurries increase as the cellulose concentration increases.
he viscosity reaches to 2 × 104 Pa s at low shear region in the
resence of 10 mg/ml HPMC. However, it is important to note
hat during tape casting process generally a higher shear stress is
pplied to the samples. Therefore, viscosity values in high shear
egion should be considered (see inset in Fig. 5).In the study the viscoelastic behavior of slurries were exam-
ned by dynamic tests. Such experiments must be carried out at
mall amplitude of oscillation, so that the test conditions can be
onsidered as nondestructive. In the case of concentrated sus-
ig. 4. Viscosity of slurries having different PMN/binder ratio as a function of
hear stress, φtot: 0.55.
T
c
t
s
F
(ig. 5. Effect of HPMC concentration on the viscosity of slurry R1 as a function
f shear stress, φtot: 0.55.
ensions like tape casting slurries the linear viscoelastic region is
ften limited in the very low strain amplitudes.22 Fig. 6 shows the
lastic (G′) and loss or viscous modulus (G′′) of the PMN slurry
epending on the shear stress amplitude. The elastic modulus
f the slurry reaches a maximum value of 180 Pa in low shear
egion. This is caused by the high solids content which increases
he elastic properties of the slurry. At low shear stresses the mod-
lus remained nearly constant and G′ was larger than G′′, which
eans that the slurry behaves more elastic than viscous. The
torage module G′ exhibited a sudden decrease at a critical shear
tress, τc. Because above τc weak attractive forces between the
owder and/or binder particles are broken up by the external
hear stress and this destroys the internal network. The elastic
roperties of the slurry become very low and the storage mod-
lus decreases above this critical stress. The loss modulus G′′
eaches a maximum at this point and the energy which is used to
reak the networks cannot be stored as elastic deformation.23,24
he slurry must spread the carrier film during tape casting pro-
ess. This means a shear stress greater than τc must be applied
o the slurry. In other word, for tape casting the critical shear
tress should be high enough which could not result in sedimen-
ig. 6. Viscoelastic properties of slurry R1 as a function of shear stress, HPMC
7 mg/ml) and φtot: 0.55.
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tion in slurry composition. Because stresses cause formation
of cracks unless relatively large amounts of organic binders
added. Differential shrinkage between the top and bottom ofig. 7. Surface tension of HPMC solution and contact angle of with Mylar film
s a function of concentration.
ation of the particles. On the other hand, τc must not be too high
ecause the slurry must flow under the shear conditions which
ccur during passing the doctor blades.25
To investigate the thixotropic behavior of the PMN slur-
ies the viscosity was measured as a function of shear rate
n the range of 0.1–700 s−1 in an up and down sweep. A
ood superposition of up and down curves was obtained in the
hole shear rate range. Similarly, time-dependent behavior of
he PMN slurries was also examined by oscillation measure-
ents. During the time of oscillation (103 s) almost no changes
n internal structure of the slurries were observed. The stor-
ge and loss modulus remained nearly constant during this
eriod.
.3. Wetting behavior
In the study, a silicone-coated Mylar film was used for slurry
eposition. The main purpose of the silicone coating was to
acilitate the easy release of the dried tape. However, suspen-
ions experienced strong de-wetting forces during casting onto
hese films. De-wetting phenomena is influenced by both sur-
ace energy and viscosity.13 The other parameter that influence
etting is the contact angle between solid and liquid.13,26 There-ore, to improve shape retention of as-cast layers, the effects of
educing the surface tension and enhancing the low shear vis-
osity of this system should be investigated. In Fig. 7 surface
ension of cellulose solution and contact angle between cellulose
able 2
ontact angle values of water, binder and PMN suspensions (slurry composition
1) with the Mylar film
ample Contact angle (◦)
ater–glass 19
ater–Mylar film 94
inder (B60A)–Mylar film 63
1(3.5) 64
1(5) 64
1(6) 54
1(7) 52.5
1(8) 52.5
1(10) 66
alues in parenthesis refer to HPMC concentration in mg/ml.
t
F
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nd carrier film are shown as a function of cellulose concentra-
ion. According to Fig. 7, surface tension and contact angle of
ellulose much lower compared to the corresponding values of
ater. With increasing polymer concentration thereby increas-
ng viscosity, slight increased was observed in the measured
ontact angle values. Consequently, spreading of the solutions
n the Mylar film surface decreased. Riedl et al. investigated the
urface tension and contact angle of HPMC in the absence and
resence of plasticizer. Surface tension value of HPMC (2 wt.%)
as reported to be 52.88 (±1.4) mN/m.27 Therefore, there is an
greement between the surface tension values obtained in this
tudy and the literature values. Contact angle between the carrier
lm and the PMN slurries having R1 composition (fixed pow-
er/binder ratio) with varying cellulose concentrations (mg/ml)
re given in Table 2. Accordingly, at cellulose concentration
etween 7 and 8 mg/ml (0.1 wt.%) the contact angle between
he PMN slurry and the carrier film is lower compared to the
alues at other concentrations.
.4. Drying behavior and roughness of PMN films
During drying stresses may develop in ceramic films. As the
ater evaporates the film shrinks in the z-axis however shrink-
ge in other axes is limited due to adhesion to the substrate.
his may cause stress formation on the film.28,29 The results of
his study showed that some cracks formed on the film having a
omposition of R2 during drying period. At higher binder con-
ent (R1.5), perpendicular cracks were observed on the surface
f the film with respect to casting direction. On the other hand,
n the films prepared from R1 composition (7 mg/ml HPMC)
rack formation was not observed during drying period. PMN
lms having dried green thickness of 10–265m were produced
uccessfully using this composition. The stress development and
rack formation during drying of PMN films was attributed to
he moisture gradient in green bodies and low binder concentra-he film produce stress that results in cracks. Additionally, par-
ig. 8. Roughness of the PMN films prepared from slurry composition of R1 as
function of film thickness (in wet state).
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Fig. 9. Sintered density of the PMN pellets compared to the theoretical one
a
s
Fig. 10. X-ray diffraction patterns of the PMN films sintered at: (a) 1180 ◦C and
s a function of sintering temperature. Inset plot: Effect of heating rate on the
intering density of PMN pellets, sintering at 1180 ◦C for 2 h.
(
Fig. 11. SEM micrographs of the PMN films sintered at different temperatures: (b) 1250 ◦C.
a) 575 ◦C; (b) 1000 ◦C; (c) 1100 ◦C; (d) 1150 ◦C; (e) 1180 ◦C; (f) 1250 ◦C.
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icle rearrangement may bring some stress in the thickness
irection.13,29–31
Surface profilometry analysis was performed in order to
nvestigate the roughness of the dried PMN films through the
ntire film length. Fig. 8 depicts the effect of film thickness on
he roughness of the PMN green sheets. The results showed that
oughness of the films prepared from slurry composition of R1
7 mg/ml HPMC) is dependent on the film thickness. As the
hickness of the film decreased an increase was observed on the
oughness of these films.
.5. Sintering and microstructural evolution
High density products are generally desired in ceramic pro-
essing and it is a requirement in the production of electronic
eramic components.32 Therefore, sintering of the green tapes
as a significant importance in tape casting process. Fig. 9 shows
he sintered density (compared to the theoretical density) of
MN pellets as a function of sintering temperature. Densities
ere determined by measuring the weight and dimensions of
he sintered samples. The measured density of the PMN pellets
fter sintering at 1180 ◦C for 2 h was about 7.865 g/cm3 rep-
esenting the highest value (99%) compared to the theoretical
ensity. This sintering temperature was thus chosen also for the
ape samples. A sharp decrease was observed in density values
f the pellets sintered at 1275 ◦C. The reason of this decline
as attributed to the significant lead evaporation from the sam-
les that cause formation of pyrochlore phase. The results also
evealed that the sintered density of the PMN films prepared
rom a slurry composition of R1 was 7.568 g/cm3 (95% of the
fi
t
ig. 12. SEM micrographs showing the final thickness and the microstructure of th
hickness, 8m; (c) final thickness, 160m; (d) cross-section of the film (160m) apean Ceramic Society 29 (2009) 115–123 121
heoretical density) after a heat treatment at 1180 ◦C for 2 h.
ried green densities of these films were 58–60% of the theo-
etical density. Inset in Fig. 9 presents the effect of heating rate
n the density of PMN pellets sintered at 1180 ◦C for 2 h. The
esults showed that highest density was obtained at a heating
ate of 3 ◦C/min and at higher heating rates a gradual decrease
as observed in densities.
Fig. 10 demonstrates the effect of sintering temperature on the
rystal structure of PMN films. According to the XRD diagram,
he film under investigation has a pure perovskite structure after
intering at 1180 ◦C for 2 h. On the other hand, few low intensity
yrochlore peaks were detected in the sample that is sintered at
250 ◦C for 2 h.
Microstructures of the PMN films sintered at different tem-
eratures are given in Fig. 11. According to Fig. 11a–d,
MN films sintered at 575–1150 ◦C have porous structures.
n the other hand, Fig. 11e shows that it is possible to obtain
igh-density PMN films having homogeneous microstructure
t 1180 ◦C. At higher sintering temperatures abnormal grain
rowth and the formation of a second phase initiate. The cross-
ectional view of the PMN films sintered at 1180 ◦C for 2 h is
iven in Fig. 12a–d. Accordingly, PMN films cast with a doctor
lade at a gap height of 30m have a final thickness of 5m
fter sintering at 1180 ◦C for 2 h (Fig. 12a).
.6. Electrical propertiesIn the study relative permittivity of the PMN pellets and
lms were measured as a function of frequency. It is known
hat, dielectric constant of PMN is maximum at about −10 ◦C
e PMN films sintered at 1180 ◦C for 2 h. (a) Final thickness, 5m; (b) final
t higher magnification.
122 A. S¸akar-Deliormanlı et al. / Journal of the Euro
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1ig. 13. Relative permittivity and the tangent loss of the PMN pellets and films
s a function of frequency.
nd above this temperature dielectric constant decreases with
ncreasing temperature.33 In this work, measurements were per-
ormed at room temperature (25 ± 2 ◦C) therefore results do
ot corresponds to the maximum relative permittivity values
or these samples. Accordingly, Fig. 13 describes the relative
ermittivity, εr, and the tangent loss of the PMN samples as a
unction of frequency. It is obvious that εr of the PMN samples
s dependent on the frequency. Relative permittivity of the PMN
ellets were measured to be 11,000 at 0.01 Hz. Similarly, rela-
ive permittivity of the PMN films sintered at 1180 ◦C is 8000
t 0.01 Hz. Results showed that under the same conditions εr
alues of the PMN bulk samples are higher compared to the
lms. Previous studies related to the electrical characterization
f ferroelectric thick films showed that films may have a lower
elative permittivity compared to the bulk ceramics.33 For exam-
le, Gentil et al. measured the relative permittivity of PMN films
s 10,000 at 0.1 kHz which is lower than the values of the bulk
eramics (17,800 at 0.1 kHz) under the same conditions. They
lso found that the decrease of film thickness lead to the decrease
f dielectric properties.33 In this study the lower relative permit-
ivity values in PMN thick films compared to the bulk samples
ay be attributed to the several factors, including higher poros-
ty, higher roughness, presence of pyrochlore phase or some void
ormation between the layers.
. Conclusions
PMN slurry formulations were developed to use in aque-
us tape casting process. Since PMN is partially soluble in
ater ion dissolution during wet processing strongly affects the
olloidal properties of suspensions. For the slurry preparation
AA/PEO comb polymer was employed as the dispersant since
t is effective in systems containing dissolved multivalent metal
ons. Effect of binder and the wetting agent concentration on
he wetting/spreading behavior of PMN slurries and the drying
roperties of PMN films were investigated. The results revealed
hat films prepared from a suspension composition of R1 did
ot experience any problem during casting, drying and sintering
teps. After sintering at 1180 ◦C films having thickness down
o 5m were obtained. The results showed that it is possible
1pean Ceramic Society 29 (2009) 115–123
o prepare flexible, crack free PMN films having high rela-
ive permittivity values after sintering using highly concentrated
queous suspensions.
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